Abstract: This paper proposes guided-mode resonant GaN grating that are implemented on a GaN-on-silicon wafer structure. Numerical simulations based on rigorous coupled wave analysis (RCWA) are performed to model multiple resonances in thick GaN membranes. Back wafer etching of freestanding GaN membranes is used as a tuning mechanism to manipulate the optical performance in the visible wavelength range. Angular resolved micro reflectance measurements are conducted to characterize the fabricated GaN gratings and show the dependence of guided-mode resonances on the filling factor of the gratings, the membrane thickness, and the polarization of incident beam. The experimental results agree well with numerical simulations. This paper opens the way to fabricate guided-mode resonant GaN grating for many diverse applications.
Introduction
It is of particular interest to investigate guided-mode resonant GaN photonic device at the visible wavelength range [1] - [3] . The guided-mode resonance is associated with the strong coupling between incident light and grating structures. The resonances take place when the phase-matching conditions are fulfilled [4] . Guided-mode resonant GaN photonic device have been proposed for many applications, such as reflectors, filters, optical cavities, and index sensing. For example, emitted light is able to couple to the guided-mode resonance when the resonant nanostructure serves as an optical cavity [5] , [6] . Thus, it is promising to produce novel surface-emitting devices by combining resonant GaN gratings with a gain medium such as GaN-based quantum wells.
We investigate guided-mode resonant GaN grating that is implemented on a GaN-on-silicon wafer structure. Thick GaN layers are required due to lattice matching to silicon and lead to multimoded optical layers in the visible wavelength range. Multimode resonances existing in thick GaN membrane grating are superimposed on the top of interference fringes, which strongly depend on the GaN membrane thickness. Freestanding GaN membrane gratings are obtained by the utilization of a double-side fabrication process [7] , [8] and offer a feasible way to conduct back wafer etching and, thus, to manipulate optical performance by tuning membrane thickness. Moreover, depositing an antireflection coating from the backside is possible to improve the optical performance [9] , [10] .
In this paper, numerical simulations based on rigorous coupled wave analysis (RCWA) are performed to model multiple resonances in thick GaN membrane. Back wafer etching of freestanding GaN membranes is used as a tuning mechanism to manipulate optical performance at visible wavelength range, this approach was introduced in [8] for circular gratings and is being extended here to the more polarization dependent linear grating case. Angular resolved micro reflectance measurements are conducted to characterize the fabricated GaN gratings and show the dependence of guided-mode resonances on the filling factor of the gratings, the membrane thickness and the polarization of incident beam. The work will be useful for exploring the interaction between the light and guided-mode resonant GaN gratings. Fig. 1(a) shows the schematic of the freestanding GaN grating. The proposed GaN grating has rectangular grating shape and its optical performance is polarization-sensitive due to its linear structure. For surface-normal (incident angle ¼ 0 ) TE polarization has E-field polarization parallel to the GaN grating lines; whereas for TM polarization, the electrical field is perpendicular to the GaN grating lines. There are five main parameters to tune the characteristics of the GaN grating: the refractive index n GaN of GaN film, grating period Ã, grating thickness t g , GaN membrane thickness t m and filing factor , defined as the ratio of the grating width w and the grating period Ã. Fig. 1(b) shows the scanning electron microscope (SEM) image of fabricated GaN gratings with Ã ¼ 550 nm. The fabricated grating shapes deviate from the designed rectangular grating shape. The top grating width wt is not equal to the bottom grating width w b because electron-beam resist as the etching mask gradually changes its thickness caused by the proximity effect and because a highly directional Ar ion source is used to anisotropically etch the GaN. The measured w t and w b are around 127 nm and 295 nm, respectively. For the grating thickness t g of 130 nm, the calculated tapered angle is 57
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. The trapezoidal grating shape is clearly observed for the GaN grating with smaller filling factor. The rough sidewall is also critical and gives rise to additional scattering loss.
In order to characterize the optical performance of the resonant GaN grating, reflectance spectra are simulated using the RCWA method with a static refractive index of n GaN ¼ 2:45. Fig. 2(a) shows the calculated reflectance spectra for the rectangular GaN grating, whose parameters are ¼ 0:7, Ã ¼ 550 nm, t g ¼ 130 nm, and t m ¼ 500 nm. The incident light is TE-polarized and at normalincidence. Dark red areas correspond to high reflectance, and blue areas correspond to regions of low reflectance. Multiple reflections occur at the different interfaces and form the interference fringes. Guided mode resonances are superimposed on top of the interference fringes, and the simpler reflectance spectra can be obtained by depositing an antireflection coating layer from the backside to eliminate the interference fringes within the wavelength range of interest. Under normal incidence, three strong reflectance peaks, namely 609.7 nm, 710.2 nm, and 861.2 nm, are observed and each peak corresponds to a guided-mode resonance. The reflectance is angledependent for linear grating [11] , [12] . As the incident angle increases, mode splitting takes place and different resonant modes move together, leading to the crossing in the contour for some special incident angle [13] . For comparison, the calculated reflectance spectra under TM polarization are illustrated in Fig. 2(b) . Three strong resonant locations are observed at 818.7 nm, 688.nm and 585.9 nm, respectively. It can be seen that the reflectance spectra are dependent on the polarization of the incident light due to the linear grating structure. Fig. 2(c) illustrates the calculated reflectance spectra of the rectangular GaN grating versus the filling factor with Ã ¼ 550 nm, t g ¼ 130 nm, and t m ¼ 500 nm under TE polarization. The resonant locations shift towards shorter wavelengths as the filling factor decreases. From a fabrication point of view, the filling factor ranging from 0.35 to 0.8 is with large fabrication tolerance. Fig. 2(d) shows the reflectance spectra of the freestanding GaN grating versus membrane thickness. Thick membrane can support multiple resonant modes, and decreasing the membrane thickness will reduce the number of resonant modes and the interference fringes.
The fabricated grating shape is trapezoidal, and the filling factor is smaller than that of the designed rectangular grating. Hence, the resonant locations will shift towards shorter wavelengths according the simulation in Fig. 2(c) . Fig. 3(a) illustrates the calculated reflectance spectra for the trapezoidal GaN grating with the tapered angle of 55 . The grating parameters are ¼ 0:7, Ã ¼ 550 nm, t g ¼ 130 nm, and t m ¼ 500 nm, and the TE-polarized light is surface-normal incident. Compared with Fig. 2(a) , three resonant peaks shift to 589.8 nm, 694.8 nm and 855.2 nm, respectively. Fig. 3(b) illustrates the calculated reflectance spectra for the trapezoidal GaN grating under TM polarization. In comparison with Fig. 2(b) , blue shifts of reflectance spectra take place, and three reflectance peaks under surface-normal incidence are found at 804.2 nm, 677.2 nm, and 582.1 nm, respectively. Fig. 4(a) and (b) show the guided-mode patterns associated with the resonances Figs. 2(a) and  3(a) , respectively. The resonant locations shift towards shorter wavelengths for the trapezoidal GaN grating. The membrane layer serves as the waveguiding layer and the grating layer acts as the phase matching element. At resonant locations, strong interactions between the incident light and GaN grating take place. The standing wave patterns are formed by two counter propagating guided modes at resonant location [14] . The amplitude of the standing wave indicates the quality factor and linewidth of the guided mode resonance. The simulations indicate that the proposed resonant GaN has large fabrication tolerance.
The angular resolved micro-reflectance is measured to characterize the freestanding GaN grating [15] , [16] . Fig. 5 experimentally demonstrates the reflectance contours of the fabricated GaN grating as a function of the filling factor . The parameters are Ã ¼ 550 nm, t g ¼ 130 nm, and t m ¼ 500 nm, and the incident wave is TE-polarized. Strong resonant peaks as well as the crossings are clearly observed in the reflectance contour. With decreasing filling factor from 0.7 to 0.5, the resonance has a distinct shift towards shorter wavelength. The experimental results are consistent with the theoretical simulations. Rougher sidewalls are formed at the designed filling factor of 0.5, and then scattering loss will negatively influence the optical performance. Back wafer etching is used to thin freestanding GaN membrane from the backside with an etching thickness of 100 nm. Fig. 6 shows the measured reflectance contours under TE polarization. Compared with Fig. 5 , the resonant locations shift towards shorter wavelengths, and the number of resonant modes and the interference fringes are also reduced. The experimental results agree well with the simulation in Fig. 2(d) . Fig. 7 shows the measured reflectance contours under TM polarization. The reflectance spectra have different shapes in comparison with that of Fig. 6 . Resonant locations move to shorter wavelengths according to the decrease in the filling factor . Due to the scattering loss caused by rough sidewalls, weak guided mode resonances are observed at the designed filling factor of 0.5. 
Conclusion
Numerical simulations based on RCWA method are performed to model multiple resonances in thick GaN membrane. Back wafer etching of freestanding GaN membrane is used as a tuning mechanism to manipulate optical performance in the visible wavelength range. Angular resolved micro reflectance measurements are conducted to characterize the fabricated GaN gratings and show the dependence of guided-mode resonances on the filling factor of the gratings, the membrane thickness and the polarization of incident beam. The experimental results agree well with numerical simulations. This work opens the way to fabricate guided-mode resonant GaN grating for filtering and sensing applications.
